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Abstract
Boundary layers at a zero pressure gradient in chemical non-equilibrium are considered for a ﬁve-species model of air in a total
enthalpy range of 5 - 17 MJ/kg. Comparisons with boundary layers in binary mixtures of oxygen reveal that the growth rates of
the second mode are lower in the case of air. This result can be attributed to the lower wall temperatures in binary mixtures of
oxygen due to dissociation, with the lower wall temperatures having a destabilizing eﬀect on the second mode similar to the case
of boundary layers in calorically perfect gases.
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1. Introduction
Studies of the stability of high-speed boundary layers including chemical and thermal nonequilibrium are very
limited, and an extensive analysis of real gas eﬀects at various ﬂow conditions is needed. Because the theoretical
framework for stability with real gas eﬀects has only begun to be developed, we suggested1 building knowledge blocks
by studying examples ranging from simple to complex to gain insight into the problem. This includes investigating the
ﬂows of binary mixtures and examining the stability both in the inviscid limit and for the case including the transport
phenomena.
In chemically-reacting ﬂows, dimensional parameters such as the total enthalpy, pressure, and temperature are
signiﬁcant for the stability analysis. This brings the challenge of choosing ﬂow parameters which will produce results
that are both general and meaningful. In Ref. 1, it was suggested to consider the ﬂow parameters according the concept
of a reusable hypersonic cruise vehicle (HCV)2,3. An HCV is supposed to reach any location on Earth within 1 to 2
hours. This constraint means that the speed of ﬂight will be in the range of 3 - 6 km/sec. In terms of total enthalpy,
this corresponds to 4.5 - 18 MJ/kg. Because of the required high lift-to-drag ratio, the nose and the leading edges of
the vehicle should be relatively “sharp”. In the case of a passive thermal protection, this means that the ﬂight will be
possible at altitudes of 40 - 60 km. Thus, the dimensional static pressures will be below 0.05 atm (assuming that the
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Fig. 1. Local frozen Mach numbers and local temperatures at ﬁxed values of total enthalpy in equilibrium state.
pressure behind oblique shock waves is higher than the atmospheric pressure). Another constraint on the choice of
parameters is that the local edge frozen Mach number should be above 4 in order to have the second Mack’s mode play
a role in the laminar-turbulent transition. Figure 1 shows the equilibrium parameters of binary mixtures of oxygen,
nitrogen, and air in the temperature-Mach number planes for diﬀerent values of the total enthalpy at a pressure of 0.05
atm. One can see that the local temperature should not exceed 3000 K. At lower pressures, the temperature limit will
be even lower due to the eﬀect of dissociation on the Mach number.
In Ref. 1, eight cases were considered for a binary mixture of oxygen (see Table 1) with adiabatic non-catalytic
wall, cold wall, and partially catalytic adiabatic wall boundary conditions. In Cases 1 - 5, the frozen Mach number
was ﬁxed at 10.5. In Cases 3, 5 - 8, the total enthalpy was ﬁxed at 16.49 MJ/kg. Cases 4 and 5 were chosen to have
the ﬂow parameters as in Cases 2 and 3, respectively, but the plate length was adjusted to have the same Reynolds
number as in Case 1. The length scale H in the table is deﬁned as
√
2xμe/(ρeue). The wall temperature Tw in the table
is given for an adiabatic, noncatalytic wall boundary condition.
In the present work we consider boundary layers in air in chemical non-equilibrium using the same free stream
parameters as in Ref. 1.
Table 1. Details of Cases 1 - 8 in binary mixture of oxygen1.
x (m) Te (K) ue (m/s) ReL I (MJ/kg) Tw (K) Mf H (cm)
Case 1 0.4 278 3.351 ×103 2.988 ×106 5.597 3814 10.5 0.03273
Case 2 0.4 556 4.668 ×103 1.543 ×106 11.14 4428 10.5 0.04555
Case 3 0.4 834 5.648 ×103 1.022 ×106 16.49 4761 10.5 0.05596
Case 4 0.7746 556 4.668 ×103 2.987 ×106 11.14 4198 10.5 0.06338
Case 5 1.1695 834 5.648 ×103 2.988 ×106 16.49 4352 10.5 0.09568
Case 6 1.199 1668 5.475 ×103 1.022 ×106 16.49 4315 7.32 0.1677
Case 7 2.527 2502 5.178 ×103 1.022 ×106 16.49 4040 5.57 0.3535
Case 8 4.495 2919 4.513 ×103 1.022 ×106 16.49 3818 4.09 0.6289
2. Results
Because the composition of gases in air is diﬀerent than in oxygen, using the same free stream parameters as in
Table 1 does not allow one to maintain a constant Mach number or enthalpy as was considered in Ref. 1. However,
the Mach numbers and total enthalpies are close (see Table 2). The main diﬀerences between the cases of air and
oxygen are the temperatures of the adiabatic noncatalytic walls, Tw.
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Table 2. Details of Cases 1 - 8 in Air.
x (m) Te (K) ue (m/s) ReL I (MJ/kg) Tw (K) Mf H (cm)
Case 1 0.4 278 3.351 ×103 3.82 ×106 5.6 3950 10 0.0289
Case 2 0.4 556 4.668 ×103 1.79 ×106 11.17 5772 9.92 0.0423
Case 3 0.4 834 5.648 ×103 1.13 ×106 16.53 7332 9.91 0.0533
Case 4 0.7746 556 4.668 ×103 3.46 ×106 11.17 5589 9.92 0.0589
Case 5 1.1695 834 5.648 ×103 3.29 ×106 16.53 5589 9.91 0.0912
Case 6 1.199 1668 5.475 ×103 1.04 ×106 16.55 7231 6.91 0.166
Case 7 2.527 2502 5.178 ×103 1.05 ×106 16.03 7064 5.37 0.349
Case 8 4.495 2919 4.513 ×103 1.16 ×106 14.78 4989 4.15 0.591
Fig. 2. (a) Comparison of growth rates in Oxygen and air (Cases 1, 2, and 3); (b) Eﬀect of wall temperature on growth rates in air (Case 5).
One can see from Fig.2(a) that the growth rates in oxygen are higher than in air for Cases 1 - 3. This can be
attributed to the lower wall temperature in oxygen due to dissociation of oxygen in the binary mixture. Figure 2(b)
illustrates eﬀect of wall cooling on the growth rates in air. Both examples illustrate that the lower wall temperature
destabilizes the second mode similarly to studies in boundary layers of calorically perfect gases.
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